A variety of charge extraction (CE) techniques have been developed to measure charge density and recombination coefficients in bulk heterojuction (BHJ) solar cells. Charge recombination during charge extraction as a major limitation of this method has not been systematically quantified. Herein, we report CE measurements using a newly designed fast switch, which enables the application of a reverse bias to the solar cells facilitating charge extraction. With applied reverse bias, more than 40 % increase in the extracted charge was obtained in solar cells with thicker active layers or with fast recombination. The measured charge carrier lifetime increased by up to a factor of three at sufficiently high applied biases (up to 8 V), suggesting significant errors in CE measurements without applied bias. The increased extracted charges with increasing applied bias are attributed to a combination of three cases: i) slightly faster charge extraction due to the larger electric field; ii) increased charge extraction rate at high light intensities when the transients are space charge disturbed; iii) increased charge separated lifetime during charge extraction attributed to the spatial separation of the electron and hole density due to the applied electric field.
Bulk heterojuction (BHJ) solar cells fabricated from organic materials have been the subject of intensive studies from both academic and commercialisation points of view. Typical organic BHJ solar cells are made from conjugated polymer as electron donor materials and fullerene derivatives as electron accepter materials. Under light irradiation, excitons are generated and diffuse to electron donor and accepter materials interface where the electrons or holes are transferred to the electron acceptor or the donor materials, respectively, forming a chargetransfer state. Then the electrons and holes are dissociated and collected at metal and transparent conducting electrodes, respectively. The typical time scale required for the charges to escape geminate recombination is nanosecond to hundreds of nanoseconds. [1] To obtain high charge collection efficiency, thus, high short circuit current (Jsc) and fill factor, charge drift/diffusion length should be longer than the thickness of the active layer. [2, 3] However, many materials are suffering from slow charge transport and/or fast recombination after surviving from the geminate recombination. Thus, evaluation of charge mobility and recombination lifetime of free charges coupled with understanding the transport and recombination mechanism is important for the development of new materials. The origin of the open circuit voltage (Voc) of BHJ solar cells had been interpreted mostly with the HOMO and LUMO levels of the organic materials. [4] In addition, the Fermi levels of the donor and acceptor materials under illumination, thus free carrier recombination lifetime, should also influence the Voc. Indeed, Murano el. al, reported that charge carrier lifetime was also important parameter determining the Voc. [5] To study recombination kinetics and material energy levels for dye-sensitized solar cells (DSSCs), a charge extraction technique using a switch was developed by N. W. Duffy et al, and
reported in 2000. [6] In 2008, the technique was applied for organic BHJ solar cells by Shuttle et al. [7] The measurement is as follows: a solar cell is connected with a switch in series and the turning on the switch. [6, 8] In this case, charges recombine during the delay time in the time period between the light is turned off and the switch is turned on. Therefore, ideally, the extracted charge represents charge carriers that survived charge recombination during the delay time. By plotting the extracted charges as a function of delay time, charge recombination lifetime and recombination coefficients can be obtained.
A crucial requirement for the above charge extraction measurement is that no charge recombination should occur during extraction, i.e. after the switch is turned on. For DSSCs, typically such recombination during extraction has not been observed. For a P3HT:PCBM solar cell, the fraction of charges lost due to recombination during charge extraction was estimated to be less than 10 percent. [7] However, for other BHJ solar cells exhibiting faster recombination, slow transport, or using thick active layers, charge extraction time could be comparable or longer than the recombination lifetime leading to a much more significant underestimation of charge density. Furthermore, space charge limited charge extraction transients as well as RC time constant of the circuit could limit the rate of carrier sweep out and lead to recombination during extraction. Recombination during charge extraction introduces an error to charge density versus Voc plots and charge carrier lifetime measurements. However, it is not trivial to quantify charge recombination losses in typical CE measurements.
Charge extraction techniques using an externally applied reverse bias have been used for more than three decades to determine charge carrier transport and recombination. [9] For example, photo-induced charge extraction by linearly increasing voltage (Photo-CELIV) applies a triangular shape reverse bias pulse to facilitate charge extraction. [10] The application of a linearly increasing voltage ramp helps to subtract the capacitive charging current from the device, but the rate of charge extraction is not as high as using a voltage step. In addition, since the bias voltage increases with time, extraction time is limited by the maximum voltage and voltage increase rate. Indeed, the amount of extracted charges by Photo-CELIV was compared to that by normal CE, that extracts charges at short circuit, showing larger amount by CE. [8] Typically, a forward bias corresponding to the open circuit voltage of the solar cell is applied in the dark before a short laser pulse hits the sample. [10] For mobility and lifetime measurements, the forward bias is left on during the delay time until the application of the reverse bias voltage ramp. Neher et al introduced a bias amplified charge extraction (BACE) method, which also generates the open circuit condition by applying a forward bias, but it extracts charges under an applied constant reverse bias. [11] Facilitated by the larger initial applied electric field during the extraction phase, charge transport was accelerated and the extraction time became faster than the recombination lifetime. The BACE method was therefore better to obtain the charge density versus Voc relationship compared to charge extraction under short circuit conditions. However, this technique, similarly to photo-CELIV described above, has a major limitation for charge carrier lifetime measurements employing a variable time delay between turning off the light and switching from forward to reverse bias. Due to charge recombination, the open circuit voltage constantly decays, but the forward bias is constant, resulting in charge injection from the contacts to the solar cells' active layer. The charge
injection makes it complicate to analyze the lifetime of photo-generated charges. [12] Furthermore, recent publications claim that photo-generated charge distribution in BHJ solar cells at open circuit condition is not homogeneous and changes with charge density. [13, 14] 
Results
The I-V characteristics of all the solar cells are summarized in Figure S1 and Table S1 intensity (5 mW), the current peak was almost instantaneous. The integrated photogenerated charge at this laser intensity was 2.1 nC, while the capacitive charge at 2 V applied bias was 3.3 nC. At higher laser intensities (20 mW and 100 mW), the transient current showed an initial rise when bias was applied, whereas it continuously decayed when no external bias was applied.
When 2 V was applied, the integrated charges at these laser intensities were 2.8 nC and 4.7 nC respectively, which is 84 % and 139 % of the capacitive charge.
The current transients in Figure The mCE measurements without delay time are expected to result in the same transients as the BACE method described in the introduction. We compared mCE and BACE measurements, confirming that nearly identical transients were obtained using the two techniques. (Figure S2 , S.I.).
The amount of extracted charges in Figure 3 and 4 increased with applied bias potential. One concern of a CE measurement using a switch is possible current leakage in the off condition through resistance R1. At long delay times when the recombination (parallel)
resistance of the solar cell becomes comparable to or lower than the R1 resistance of the switch (2.2 MΩ), the charge density will decay due to recombination and charge leakage, hence charge extraction measurements will no longer be accurate. To check the effect of leakage current through the switch, we measured the open circuit voltage decay of annealed P3HT:PCBM solar cells (94 nm) with various series resistances ( Figure S4 ). As the resistance decreased, faster
decays were recorded at times longer than 0.5 ms. This suggests that current leakage to the external circuit was not negligible for long delay times at these lower < 10 MΩ resistances. No change in the decay was observed when larger than 10 MΩ was used. We therefore replaced showing a smaller slope.
Discussion
If charge extraction time textr is comparable to or slower than the recombination lifetime , charge recombination during extraction limit the extracted charge. Applying external bias may speed up charge extraction up to the RC limit tRC, increasing the amount of extracted charge.
At high light intensities when the photo-generated charge density in the devices exceed the capacitive charge, the rate of charge extraction may also be limited not by charge carrier transport but the driving force for charge extraction due to the screening of the electric field.
As the external bias is increased, the capacitive charge stored on the electrodes is increased, the electric field in the devices at the same level of photo-generated charge concentration increases and the amount of extracted charge per unit time is increased. To understand which of the above mechanisms are responsible for the increased extracted charge using the mCE measurement, the shape of the current transients are analyzed and discussed below.
Faster charge extraction due to applied bias (textr < )
A larger applied bias could lead to faster charge extraction due to larger electric field. This explanation seems consistent with the observed trends in Figure 6 showing that a larger applied bias was needed for the thicker active layer devices (slower extraction due to larger distance as well as lower electric field at the same applied voltage) and for the devices with faster inherent recombination (as prepared solar cells). did not change, but the underlying process is shifted from recombination influenced to charge extraction influenced, both close to the RC limit. There is, however, an inconsistency with the above explanation in Figure 5 . While faster current transient is obtained using smaller R2 resistance due to faster RC time constant, the integrated charge did not increase (RC < textr ).
This leads us to conclude that faster charge transport competing with recombination is not the main reason for the increased extracted charge for the devices with thin active layers. Figure S6 , S.I.) and from literature reports for similar devices. [14, 18] Such space charge disturbed extraction is expected at high laser intensities (large photogenerated charge density), thicker active layers (lower capacitance hence smaller capacitive charge), low voltages and longer lifetime (increased charge density surviving recombination during the delay time). In case of space charge limited extraction, only a fraction of the charge (CVappl) is extracted at any given time. The remaining charges remain in an electric field-free region of the device. If the lifetime within this reservoir of charges is longer than the extraction time, charge density larger than CVappl can be extracted. [19] Otherwise, the charges in the "reservoir" recombine and do not contribute to the extraction transient. The interesting feature of the mCE transients is the appearance of a rise time in the current transient, which is typically observed in case of surface charge generation. Given that the charge generation profile can be assumed to be uniform (optical density at laser excitation wavelength comparable to active layer thickness), these results imply the redistribution of the charges to near the contacts before charge extraction began, i.e. switch is turned on.
Space charge limited extraction current transients
To summarize the effect of external bias for the case of space charge disturbed transient, as the electric field is increased, the rate of charge extraction dQ/dt is increased leading to less recombination of the remaining charges in the reservoir. Due to the longer charge carrier lifetime caused by decreased carrier density due to increased extraction rate, the amount of extracted charge is increased with applied bias.
Increased lifetime due to spatial separation of charges (even at low light intensity)
A slight increase in extracted charge density with applied bias was observed even at low light intensities, when the transients did not show any signs of space charge limitation, and the extracted charge was much less than the capacitive charge, for example, the case using 5 mW laser power in Figure 4 . We interpret the increased extracted charge in this case to arise from prolonged recombination lifetime under the externally applied electric field during charge extraction, caused by the increased spatial separation of the electrons and holes in the solar cells by the applied electric field. Recent publications suggest higher hole concentrations near the ITO and higher electron concentration near the metal contact at open circuit condition. [7, 8] When reverse bias is applied, more holes (electrons) will be attracted at the ITO (metal contact), decreasing recombination probability. The higher concentration of electrons and holes near contacts results in higher initial current. The requirement of higher applied potential for thicker film is consistent with the electric field dependence on film thickness, that is, when the thickness is doubled, the potential difference needs to be doubled to obtain the same electric field.
Further support for the above explanation is found in Figure 9 showing an apparent thickness dependent lifetime at lower charge density, converging to a thickness independent lifetime at higher charge densities. This observation can be interpreted by the spatial distribution of charges in the active layer. [13, 14] The re-distribution of electron and hole densities caused by the electric field at the ITO and metal electrodes due to the work function difference (no external applied field) resulted in higher hole concentration at ITO side and higher electron concentration at metal electrode side. The distribution became more homogeneous for thicker active layers due to the weaker electric field, resulting in lower extent of spatial charge separation. The apparent longer recombination lifetime in thin solar cells is therefore attributed to a larger extent of spatial charge separation caused by stronger internal electric field. The convergence of the apparent lifetime at high charge densities among the different thickness solar cells is due to a more uniform charge distribution, regardless of the thickness, with the increase of charge density. Less prominent thickness dependence at high charge density was also observed in the Voc versus charge density in Figure 7 , consistent with the explanation based on a charge density dependent charge distribution in the film.
Note that the convergence of the Voc and lifetime in Figure 7 and 9 is more prominent for annealed solar cells. It has been reported that the ratio of P3HT to PCBM is homogeneous through the thickness of the film when the cells were prepared with 40% PCBM and annealing process. [20] The prominent convergence for the annealed cells in Figure 7 and 9 seems to suggest the homogeneous distribution of PCBM and P3HT regardless of the thickness.
The effect of switch-off resistance on charge extraction and charge recombination lifetime measurements
Smaller slopes in Figure S3 (plots of charge density versus t and τ versus charge density) at the lower charge density region were observed. This could be due to charge leakage through the switch to the external circuit, causing charge density decay in addition to charge recombination in the switch off state. [21] The 2.2 MΩ switch-off resistance R2 in combination with a 1. 
Conclusions
We introduced a modified the charge extraction technique mCE by designing a new switch with Compared to conventional charge extraction techniques, the modified CE technique reported here provides a significant improvement to measure charge density and lifetime for BHJ solar cells with thick active layers, low charge mobility or fast recombination.
Experimental Section
Solar cells were fabricated as described in Supporting Information. Charge extraction was performed using the setup shown in Figure 1 . 
, where d is the film thickness, tmax is the time to reach the current maximum and Vapp is the applied voltage. [16] The capacitive charge was calculated as CVapp, where C is the geometric capacitance measured by integrating the current transient without laser illumination. The obtained values closely matched the geometric capacitance values calculated based on the dielectric constant of the polymer:PCBM blends, the active area and the film thickness.
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